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Previous reports have documented that cholesterol supplementations increase cytopathic effects in tissue 
culture and also intensify in vivo pathogenicities during infection by the enveloped coronavirus murine 
hepatitis virus (MHV). To move toward a mechanistic understanding of these phenomena, we used growth 
media enriched with methyl-B-cyclodextrin or cholesterol to reduce or elevate cellular membrane sterols, 
respectively. Cholesterol depletions reduced plaque development 2- to 20-fold, depending on the infecting MHV 
strain, while supplementations increased susceptibility 2- to 10-fold. These various cholesterol levels had no 
effect on the binding of viral spike (S) proteins to cellular carcinoembryonic antigen-related cell adhesion 
molecule (CEACAM) receptors, rather they correlated directly with S-protein-mediated membrane fusion 
activities. We considered whether cholesterol was indirectly involved in membrane fusion by condensing 
CEACAMS into “lipid raft” membrane microdomains, thereby creating opportunities for simultaneous binding 
of multiple S proteins that subsequently cooperate in the receptor-triggered membrane fusion process. How- 
ever, the vast majority of CEACAMs were solubilized by cold Triton X-100 (TX-100), indicating their absence 
from lipid rafts. Furthermore, engineered CEACAMs appended to glycosylphosphatidylinositol anchors par- 
titioned with TX-100-resistant lipid rafts, but cells bearing these raft-associated CEACAMSs were not hyper- 
sensitive to MHV infection. These findings argued against the importance of cholesterol-dependent CEACAM 
localizations into membrane microdomains for MHV entry, instead suggesting that cholesterol had a more 
direct role. Indeed, we found that cholesterol was required even for those rare S-mediated fusions taking place 
in the absence of CEACAMs. We conclude that cholesterol is an essential membrane fusion cofactor that can 


act with or without CEACAMs to promote MHV entry. 


The infectivity of enveloped viruses often depends on the 
lipid composition of host cell membranes. For example, infec- 
tion by certain alphaviruses, such as Semliki forest virus, re- 
quires both cholesterol and sphingolipids (38, 57, 86). Certain 
retroviruses and filoviruses use cholesterol-rich membrane mi- 
crodomains as platforms for assembly and/or cell entry (6, 20, 
31, 60). Cholesterol is an abundant and essential component of 
eukaryotic cell membranes. Its rigid and hydrophobic fused- 
ring structure preferentially associates with saturated acyl- 
chain lipids to form liquid-ordered microenvironments in the 
plasma membrane (72). These so-called lipid rafts are thought 
to exclude numerous integral membrane proteins while effec- 
tively concentrating others that can adopt favorable associa- 
tions with the ordered, cholesterol-rich environment (11, 37, 
69). 

The cellular receptors for a few enveloped and nonenvel- 
oped viruses are known to reside in lipid rafts (5, 41, 62, 78). 
Viruses may exploit these localized cell surface proteins to 
facilitate rapid multivalent interactions with the host cell. The 
ensuing high-avidity binding and positive cooperativity may 
promote productive virus entry (18, 83). Raft-like environ- 
ments may also serve as portals for virus entry into distinct 
intracellular organelles; for example, the caveolar endocytosis 
of simian virus 40 precedes its transport into the endoplasmic 
reticulum lumen (61). Finally, during enveloped virus entry, 
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the lipid components of these rafts may participate directly 
during coalescence with the virion membrane. For example, 
cholesterol has a role in promoting and stabilizing the local 
bilayer bending that takes place during membrane fusion (16, 
27, 32, 66). Indeed, the composition of opposing lipid bilayers 
can generally determine whether protein-mediated membrane 
fusion is successfully completed, as evidenced by the behavior 
of lipids, such as lysophosphatidylcholines, which arrest envel- 
oped virus entry at intermediate states where opposing mem- 
branes remain unmixed yet tethered by the two ends of a single 
polypeptide (30, 51). 

Changes in the lipid composition of cellular membranes can 
have pronounced effects on the outcome of coronavirus infec- 
tion. This was first documented in tissue culture, where the 
syncytia expanding from foci of murine hepatitis virus (MHV) 
infection were substantially larger after cholesterol supplemen- 
tations (13, 19, 67). Subsequent in vivo experiments established 
correlations between cholesterol-rich diets and susceptibility 
of mice to pathogenic MHV infection (9). We have been in- 
trigued by these observations, in part because our ongoing 
studies have revealed considerable variability in the efficiency 
of MHV-induced membrane fusion (42). Such variability has 
often been unrelated to the abundance of carcinoembryonic 
antigen-related cell adhesion molecules (CEACAMSs) on host 
cells, a cellular receptor for MHV (22, 87, 88). With the hy- 
pothesis that these variabilities arise because MHV-induced 
membrane fusion (and consequent syncytial development) re- 
quires specific lipid cofactors in addition to CEACAM recep- 
tors, we sought to understand how cholesterol augments MHV 
entry. 
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MATERIALS AND METHODS 


Cells and viruses. All cell lines were propagated as adherent monolayer 
cultures. HeLa-tTA (tTA denotes tetracycline-controlled transactivator) (29), 
sac- cells (82), rabbit kidney clone 13 cells, and baby hamster kidney (BHK) cells 
were grown in Dulbecco’s modified Eagle medium (DMEM) supplemented with 
10% heat-inactivated fetal bovine serum (AFBS) (Atlas Biologicals, Fort Collins, 
Colo.) (DMEM-10% AFBS). HeLa-tTA-CEACAM (isoform la, line 3) (63) 
cells were cultured in DMEM-10% AFBS containing 2.5 jg of mycophenolic 
acid per ml, 250 yg of xanthine per ml, 20 yg of hypoxanthine per ml, and 100 
pg of G418 per ml. HeLa-tTA CEACAM,,,, and HeLa-tTA CEACAM Gp; cells 
(pTREZ2hyg stable transfectants as described below) were cultured in DMEM-— 
10% AFBS containing 100 wg of G418 per ml and 100 wg of hygromycin B per 
ml. Murine 17 cl 1 fibroblasts (80) were grown in DMEM containing 5% tryptose 
phosphate broth (Difco Laboratories) and 5% AFBS. DBT (murine astrocy- 
toma) cells (35) were grown in minimal essential medium containing 10% tryp- 
tose phosphate broth and 5% AFBS. Soluble-receptor-secreting 293 EBNA- 
N-CEACAM,, (sMHVR,g,) cells (26) were grown in DMEM-10% AFBS con- 
taining antibiotics G418 (100 g/ml) and hygromycin B (200 g/ml). All growth 
media were buffered with 0.01 M sodium HEPES (pH 7.4). 

Coronavirus strains JHM (prototype strain MHV-4) (85), JHM-X (48), and 
AS9 (68) were plaque purified three times on HeLa-CEACAM cells and subse- 
quently propagated after a 1-h adsorption on 17 cl 1 cells at a low-multiplicity 
infection (0.01 PFU/cell) in serum-free medium (SFM) with 0.01% (wt/vol) 
bovine serum albumin (BSA). Inocula were replaced with growth medium con- 
taining 2% AFBS, and the cell supernatant was harvested at 18 hours postinfec- 
tion (hpi), followed by clarification of medium by differential centrifugation to 
remove cellular debris (sequential spins of 15 min at 2,000 x g, followed by 30 
min at 10,000 x g). Infectivity was determined by plaque assay, using either 
HeLa-CEACAM or 17 cl 1 as indicator cells in DMEM-1% AFBS and 0.5% 
(wt/vol) Noble agar (Difco). Vaccinia virus recombinants, each harboring spike 
cDNA of a particular coronavirus strain, were generated and propagated in 
rabbit kidney clone 13 cells as previously described (42). Vesicular stomatitis 
virus (VSV) was propagated in BHK cells after a low-multiplicity infection and 
collected from cells after the first signs of cytopathic effect. VSV was clarified as 
described above for MHV by differential centrifugation, prior to application onto 
cell monolayers. 

Infectivity determinations after cholesterol extractions and supplementations 
of cells. methyl-8-Cyclodextrin (MBCD) (Sigma catalog no. C-4555) or choles- 
terol-MBCD inclusion complexes (Sigma catalog no. C-4951) were serially di- 
luted in serum-free DMEM (SFM), and 1-ml volumes were applied to 10° 
adherent cells in 10-cm? dishes at ~70 to 80% confluency for 30 min at 37°C (40, 
73). Cells were then rinsed three times with 2 ml of phosphate-buffered saline 
(PBS) to remove residual membrane-impermeant MBCD (1, 59). Total cell 
cholesterol contents before and after cholesterol depletions were measured from 
cell lysates using the Amplex red cholesterol assay from Molecular Probes, which 
detects the hydrogen peroxide product of a cholesterol oxidase enzyme reaction 
(4). Following cholesterol extractions, SFM containing serial dilutions of MHV 
or VSV were then applied to cells for 1 h at 37°C, followed by an additional three 
rinses with PBS. Cells were prepared for plaque development, and plaques were 
enumerated 2 to 3 days later after the cells were fixed with formalin and stained 
with crystal violet in saline and ethanol. Alternatively, MBCD was applied to cells 
from 2.5 to 3 hpi after rinsing off adsorbed virus inocula. The cells were then 
processed for plaque assay. 

Virion-cell binding. HeLa-CEACAM cells were exposed to MBCD or choles- 
terol-MBCD as described above, rinsed three times with ice-cold PBS, chilled to 
4°C, and overlaid with radiolabeled MHV. Virus was metabolically labeled from 
~12 to 15 hpi (after starving the cells in cysteine- and methionine-free medium) 
in MHV (AS59)-infected 17 cl 1 cells cultured in SFM with 1% dialyzed AFBS 
containing 100 Ci of [*°S]Cys/Met Translabel (ICN). *°S-labeled MHV A59 was 
harvested from the above infected cell cultures and placed over 30 and 50% 
(wt/wt) sucrose layers in HNB (50 mM HEPES, 100 mM NaCl, 0.01% [wt/vol] 
BSA [pH 7.4]). Virions were subjected to ultracentrifugation in a Beckman 
SW41 rotor and collected from the 30/50% sucrose interface as described before 
(25). Radiolabeled virions were subsequently concentrated by pelleting through 
30% sucrose, and pellets were resuspended in SFM. *°S-labeled MHV AS59 (5 X 
10° cpm) in 1 ml of SFM containing 0.01% BSA was applied to cyclodextrin 
(CD)-treated or untreated HeLa-CEACAM or HeLa-CEACAMGp, cells, incu- 
bated to equilibrium (2 h at 4°C), and then removed. Cells were rinsed three 
times with ice-cold PBS and dissolved with PBS containing 0.5% Nonidet P-40 
(NP-40), and radioactivity associated with the lysates and media was quantified 
by scintillation counting to determine the percentage of cell-associated MHV. 


CHOLESTEROL AND CORONAVIRUS INFECTION — 2683 


Qualitative and quantitative fusion assays after cholesterol treatments. Mi- 
croscopic inspection of MHV-induced syncytia after cholesterol treatments was 
performed after cultivating cells for ~1 h with cellular fluorescent probe Cell 
Tracker green CMFDA (5-chloromethylfluorescein diacetate) at 2 4M in SFM 
or octadecylrhodamine (R18) at 2 g/ml in SFM, per Molecular Probes. Unin- 
corporated CMFDA and R18 were rinsed away from cells prior to CD treat- 
ments. Alternatively, CEACAM-independent cell-cell fusion was visualized 
through a variation of the cell fusion-dependent reporter gene activation assay of 
Nussbaum et al. (58). Target HeLa cells were transiently treated with Lipo- 
fectamine (Invitrogen) with the reporter gene pTM3-eGFP for T7 RNA poly- 
merase-driven expression of enhanced green fluorescent protein (eGFP) (14, 
54). After transfection, target cells were treated with MBCD for 30 min, rinsed, 
and placed over spike-bearing effector cells that had previously been infected 
with vTF7.3 (T7 RNA polymerase) (24) and VTM1-Syy4y4 (26) (as also described 
below). Photomicrographs were taken after effector-target cell-cell fusion and 
subsequent intercellular transfer of T7 RNA polymerase and T7-driven expres- 
sion of eGFP. Images were captured by using Magna Fire software with a Leica 
DM-IRB inverted microscope fitted with an Optronics charge-coupled device 
camera. Reporter gene activation of eGFP was not effected by MBCD treatments 
of cells that had previously been transfected with pTM3-eGFP and subsequently 
infected with vTF7.3. Cholesterol extractions after MBCD treatment were mon- 
itored in parallel after previously cultivating cells overnight in tritium cholesterol 
({1,2H(N)}-cholesterol; Perkin-Elmer Life Sciences catalog no. NET-139) and 
measuring cell- and clarified-medium-associated radioactivity with a Beckman 
scintillation counter. 

The cell fusion-dependent reporter gene (B-galactosidase) activation assay of 
Nussbaum et al. (58) was adapted for quantitative studies of spike-mediated 
membrane fusion. To measure virion-mediated intercellular fusion (fusion from 
without) (25), parallel HeLa-CEACAM cultures were infected separately with 
vTF7.3 and vCB21R-lacZ (T7-driven B-galactosidase) (3), each at 2 PFU per 
cell. Six hours later, both cultures were exposed to graded doses of MBCD and 
then rinsed as described above. Cells from both cultures were removed from the 
wells with trypsin, diluted in DMEM with FBS, and then mixed together. Co- 
cultures were centrifuged at 500 x g, and cells were resuspended to 10° cells/ml 
in 17 cl 1 medium containing MHV AS59 (multiplicity of infection [MOT] of ~10 
to 100 PFU per cell) and immediately repelleted and added back to tissue culture 
wells (5 X 10° cells per 5-cm? well). At hourly intervals, media were removed 
from these wells, and cells were lysed with PBS containing 0.5% NP-40. B-Ga- 
lactosidase was quantified in each lysate using a colorimetric assay measuring 
turnover of chlorophenyl red B-galactopyranoside (CPRG) at an optical density 
of 590 nm. Reporter gene activation of B-galactosidase was not effected by 
MBCD treatments of cells that had previously been coinfected with both vIF7.3 
and vCBR21R-lacZ. 

To quantify S-mediated cell-cell fusion (spike protein from cDNA clones), 
effector (spike-bearing) cells were generated by coinfection with vTF7.3 and 
VTM1-Syym_-x (26), each at 2 PFU per cell. Target cells (either HeLa, HeLa- 
CEACAM, or HeLa-CEACAMGp;) were coinfected with vaccinia virus WR and 
vCB21R-lacZ, each at 2 PFU per cell. At 6.5 hpi, target cells were exposed to 
graded MBCD doses as described above. Target cells were subsequently washed 
in PBS, trypsinized, rinsed in DMEM-10% AFBS, pelleted, resuspended in 
SFM, and then placed over effector cells at a 1:1 ratio. Cell lysates were subse- 
quently measured for B-galactosidase as described above. 

Preparation, isolation, and assessment of TX-100-insoluble membranes. To 
evaluate the buoyant densities of CEACAMs after nonionic detergent extrac- 
tions, uninfected HeLa-CEACAM or -CEACAM Gp, cells were rinsed with ice- 
cold PBS and chilled to 4°C. To ~10’ adherent cells, 1 ml of cold TNE (50 mM 
Tris-HCI [pH 7.4], 100 mM NaCl, 1 mM EDTA) containing 0.2 or 1% (vol/vol) 
Triton X-100 (TX-100) was added and kept at 4°C for 30 min. Cell extracts were 
passed five times through a 27-gauge needle and subsequently pelleted (700 x g 
for 5 min). Postnuclear supernatants were mixed with equal volumes of 80% 
(wt/vol) sucrose in TNE containing 0.2 or 1.0% TX-100 and protease inhibitors 
(Sigma protease inhibitor cocktail P2714). Samples were placed in ultracentri- 
fuge tubes and overlaid sequentially with 7 ml of 38 or 30% (wt/vol) and 2.5 ml 
of 5% (wt/vol) sucrose in TNE (70). Following centrifugation at 4°C for 18 h at 
285,000 X g in a Beckman SW41 rotor, 1.3-ml fractions were collected from the 
air-gradient interface, and aliquots were mixed with solubilizing buffer (63 mM 
Tris-HCI [pH 6.8], 2% [wt/vol] sodium dodecyl sulfate [SDS], 2.5% [wt/vol] 
Ficoll, 0.0025% [wt/vol] bromophenol blue, 5% [vol/vol] 2-mercaptoethanol [fi- 
nal concentrations given]), heated at 100°C for 5 min, and processed for SDS- 
polyacrylamide gel electrophoresis and immunoblotting (44). CEACAMs were 
detected using recently generated rabbit antiserum raised against purified N- 
CEACAMg, from 293 EBNA-N-CEACAM,,-secreting cells. Western immuno- 
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blotting was performed as described previously (65) and quantified using Scion 
software (Scion Corporation). 

To assess the solubilization and fractionation of cell membranes during prep- 
aration of detergent-resistant membranes (DRMs), the transferrin receptor and 
ganglioside GM1 standards were assayed in parallel to probes for CEACAMs 
(33). Transferrin receptor was detected by immunoblotting with anti-human 
transferrin receptor (clone H68.4) (catalog no. 13-6800, Zymed Laboratories, 
Inc.) and then with alkaline phosphatase-conjugated, affinity-purified goat anti- 
body to human immunoglobulin G (IgG) Fe (Cappel catalog no. 59289). Gan- 
glioside GM1 was detected after dot blotting with cholera toxin-peroxidase 
(Sigma) and tetramethylbenzidine-stabilized substrate for horseradish peroxi- 
dase from Promega (catalog no. W4121). To measure the cholesterol content in 
DRM fractions, cells were labeled with [1,27H(N) cholesterol overnight prior to 
DRM extraction. The total cholesterol content in each sucrose gradient fraction 
was quantified by scintillation counting. 

In assays designed to specifically detect only those CEACAMs on the plasma 
membrane, HeLa-CEACAM,7,, or HeLa-CEACAMGp, cells were overlaid with 
*§-labeled S1 (45) for 2 h at 4°C, washed with PBS, extracted with TNE 
containing TX-100, and fractionated as described above. The amounts of *°S- 
labeled S1 in sucrose gradient fractions were determined by scintillation count- 
ing. Alternatively, cell surface-associated CEACAMs were detected after surface 
biotinylation with NHS-LC-biotin from Pierce (catalog no. 21335). Cells were 
suspended in a minimal volume of PBS (pH 8.0), biotinylated (1 mg/ml biotin) at 
4°C for 20 min, and rinsed three times in cold 50 mM Tris-containing buffer at 
a pH of 8.0 to quench unreacted biotin. Cells were subsequently rinsed with 
ice-cold PBS and subjected to TX-100 extraction and fractionation as mentioned 
above. Biotinylated proteins were captured with streptavidin-agarose beads and 
processed for immunoblotting as described above. 

Engineering GPI-anchored CEACAMs and initial characterizations of 
CEACAMgprbearing cells. The open reading frame of the extracellular 
CEACAM1a ectodomain was fused upstream of the glycosylphosphatidylinositol 
(GPI)-coding signal sequence of human carcinoembryonic antigen (CEA) to 
create the chimera CEACAM Gp, (21, 71). The CEA-GPI cleavage or attachment 
(omega) site was amplified from CEA (American Type Culture Collection cat- 
alog no. 587150, GenBank accession no. M17303) with an upstream oligode- 
oxyribonucleotide encoding part of CEACAMecto fused in frame to the GPI- 
encoding region of CEA as indicated: 5’ C TCA GAT-AGC ATC ACA GTC 
TCT GCA TCT GG (the hyphen demarcates the junction between CEACAM 
and CEA-GPI). The resultant CEA-GPI PCR fragment was fused to CEAC- 
AMecto via overlap extension PCR (36), and the intended CEACAMecto- 
CEA gp, junction was confirmed after sequencing on an ABI Prism 3100 genetic 
analyzer. Transmembrane (TM)-anchored CEACAMs were amplified in paral- 
lel, and constructs were shuttled into pTRE2hyg from Clontech. HeLa-tTa cells 
(G418 resistant) were treated with Lipofectamine with either pTRE2hyg- 
CEACAMy, or pTRE2hyg-CEACAMGp,, and stable G418- and hygromycin 
B-resistant clones were isolated via limiting dilutions and fluorescence-activated 
cell sorting on a FACStar Plus. Mean fluorescent intensities of cell surface 
CEACAMSs were measured by indirect immunofluorescence flow cytometry of 
trypsinized cells on a FACS Calibur using rabbit antisera to N-CEACAM-Fc and 
fluorescein-conjugated goat IgG directed against rabbit IgG (Cappel catalog no. 
55646). The presence of GPI anchors was authenticated as described elsewhere 
(71) by incubating CEACAMgp,-bearing cells with phosphatidylinositol-specific 
phospholipase C (PI-PLC) (Sigma catalog no. P-5542) and detecting cell-liber- 
ated CEACAM ectodomains via immunoblotting with anti-N-CEACAM-Fc 
from a 10-fold concentrate of cell supernatants (concentrated via an Amicon 
Centricon filtration device with a molecular size cutoff of 30 kDa). HeLa 
CEACAMy, (clone CMS) and HeLa CEACAMGp, (clone GM3) displayed 
similar cell surface CEACAM mean fluorescent intensities by flow cytometry and 
were assessed in parallel to measure susceptibilities to MHV infection and 
membrane fusion. 


RESULTS 


Cholesterol levels can determine cellular susceptibility to 
MBHV infection. Numerous studies have demonstrated that cell 
cultures exposed to MBCD, a well-studied cyclic polysaccha- 
ride that specifically chelates cholesterol (39), become resistant 
to infection by a variety of enveloped viruses (7, 49). That 
MHV infection might also be sensitive to MBCD was sug- 
gested by the results of previous studies indicating that choles- 
terol-supplemented murine cells were hypersensitive to MHV- 
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induced syncytia (13, 19). Thus, we exposed murine 17 cl 1 
fibroblast monolayers to increasing doses of MBCD for 30 min 
at 37°C. At the highest concentration (20 mM), this MBCD 
exposure removed ~40% of total cell cholesterol, as deter- 
mined by the Amplex red cholesterol assay (4). This treatment 
had no deleterious effect on cell growth rate, adherence, or 
permeability to trypan blue (data not shown). Exposure to 
MBCD immediately prior to MHV inoculation had a suppres- 
sive effect on plaque development (Fig. 1A). By contrast, the 
same MBCD exposures after viral adsorption (2.5 to 3 hpi) had 
no effect, indicating that the drug treatments did not irrevers- 
ibly arrest the replicative events occurring during the eclipse 
phase. Infections by cholesterol-independent VSV were unaf- 
fected by the MBCD treatments (Fig. 1A). We also supple- 
mented cholesterol in 17 cl 1 cells by applying CD-solubilized 
cholesterol (10 to 100 g/ml) for the 30 min immediately prior 
to MHV inoculation. This treatment resulted in increases in 
the plaque number of 2- to nearly 10-fold; the plaques were 
also distinguished by their larger size and clear centers (Fig. 
1B). Thus, it is likely that cholesterol acts as an MHV entry 
cofactor, and it is also likely that the MBCD-induced resistance 
to MHV infection results from the absence of cholesterol per 
se, not from hypothetical indirect effects of the cholesterol 
extraction process (Fig. 1A). These general cholesterol-depen- 
dent effects on MHV infection were also observed in the mu- 
rine cell lines DBT, sac-, and the human HeLa-CEACAM line. 

Sensitivity to cholesterol extraction varied moderately with 
virus strain. Strain A59-derived plaques developed even at high 
MBCD doses (Fig. 1C). We attributed these plaque develop- 
ments to the long-term maintenance of the inoculated particles 
on cell surfaces, which presumably generated infections once 
the MBCD-treated cells repleted their membrane cholesterol 
via endogenous sterol synthesis pathways. Consistent with this 
notion, we found that residual A59 infectivity was eliminated 
by incubation with proteinase K, which removes cell surface 
viruses (data not shown). The more MBCD-sensitive MHV- 
JHM likely lacked this cell surface stability. Indeed, JHM is a 
well-known thermolabile strain that rapidly loses infectivity at 
physiologic pH and temperature (42, 79), particularly when 
associated with CEACAM receptors (50). 

Extraction of cholesterol from target cells blocks MHV- 
induced membrane fusion. That cholesterol levels specifically 
influence MHV entry at the virus-cell membrane fusion stage 
was tested using quantitative virus-receptor binding and virus- 
cell fusion assays (25). In these assays, we used MHV AS59, a 
thermostable strain with robust growth characteristics (82) and 
HeLa-CEACAM cells, stable transfectants that display up to 
300,000 CEACAMs per cell (64). Exposing these cells to 
MBCD or cholesterol-MBCD complexes did not change their 
capacity to bind *°S-labeled A59 particles (Fig. 2), nor did the 
treatments alter cellular morphology or cell-cell contacts (Fig. 
3A). However, A59-induced intercellular fusions were arrested 
by MBCD and enhanced by cholesterol (Fig. 3). Thus, the 
CEACAM-bound AS59 virions could not develop intercellular 
fusion pores after cholesterol depletion from the target cell 
plasma membranes. 

Distribution of CEACAMSs after cells were treated with cold 
TX-100. Our data suggested that MHV entry required that 
both CEACAMs and cholesterol cluster together in plasma 
membranes, so we looked at whether CEACAM receptors 
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FIG. 1. Quantification of virus titer on cells pretreated with MBCD 
or cholesterol-MBCD inclusion complexes. 17 cl 1 cell monolayers 
were incubated in SFM with the indicated doses of MBCD (A and C) 
or cholesterol-MBCD complexes (in micrograms per milliliter) (B) for 
30 min at 37°C. Cells were subsequently rinsed and overlaid with 
serial dilutions of the MHV strain JHM, JHM-X, or A59 or with VSV. 
In one experiment shown in panel A, MBCD was added after JHM 
adsorption for 30 min. The number of PFU was determined after 3 
days. Error bars represent the standard deviations of the means for two 
independent determinations. 
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FIG. 2. MHV-cell binding after cholesterol extraction or supple- 
mentation. HeLa (—) and HeLa-CEACAM (+) cells were cultured in 
SFM with the indicated doses of MBCD (CD) or cholesterol-MBCD 
(CHOL) complexes for 30 min at 37°C. Cells were subsequently rinsed 
and incubated at 4°C for 2 h with **S-labeled MHV strain A59 (~5 x 
10° cpm). Unadsorbed virions were rinsed away, and cell-associated 
radioactivity was calculated as a percentage of the total *°S-labeled 
virus added. 


might colocalize with cholesterol-rich membrane microdomains 
in susceptible cells. While the integral-membrane CEACAMs 
have no obvious features that might suggest their concentra- 
tion into cholesterol-rich membranes (52), cell adhesion mol- 
ecules are often found localized in lipid rafts (53, 56). Mem- 
brane microdomains enriched in cholesterol and sphingolipid 
are distinguished by their resistance to solubilization in cold 
TX-100. These TX-100 DRMs are readily separated in sucrose 
gradients from the much larger fraction of detergent-soluble 
cellular material by virtue of their low lipid densities (11). 

By the criteria of 1% TX-100 insolubility and low density in 
sucrose gradients, CEACAMS were not raft associated (Fig. 4). 
To determine whether DRMs were in fact isolated, we de- 
tected ganglioside GM1 in gradient fractions using a cholera 
toxin-peroxidase conjugate. Greater than 70% of GM1 was in 
raft fraction 3. By contrast, the raft-excluded transferrin recep- 
tor remained in fractions 9 to 11, completely solubilized and at 
the bottom of the gradient. 

To address the possibility that our lysis conditions disrupted 
weak interactions between DRMs and CEACAMs, we reduced 
TX-100 concentrations to 0.2%, a concentration often used 
to prepare DRMs from various cell lines (28). Under these 
more gentle conditions, we did isolate DRMs harboring 
small amounts (~10%) of the CEACAMs (Fig. 5A, top blot). 
Through cholesterol supplementation or depletion, the rela- 
tive proportion of these DRM-associated CEACAMS could be 
predictably varied. Supplementations with cholesterol-rich me- 
dia increased the proportion of low-density (lipid-associated) 
CEACAMS to ~20%, while depletions through MBCD extrac- 
tion effected solubilization (Fig. 5A, CHOL and CD blots). 

To determine whether the Western blot signals reflected the 
proportion of cell surface CEACAMs, we incubated HeLa- 
CEACAM cells with *°S-labeled $1, the receptor-binding sub- 
unit of MHV (43), then lysed the cells with our low concen- 
tration of 0.2% TX-100, and fractionated the cellular material 
on gradients. About 10% of the *°S-labeled S1 was found in 
DRM fractions 3 to 6 (Fig. 5B), consistent with the distribution 
of CEACAMs determined by Western blotting. These frac- 
tions contained about 30% of total cellular cholesterol, as 
measured by the distribution of [*H]cholesterol in radiolabeled 
cells (Fig. 5B). 

Using the results when 0.2% TX-100-resistant membranes 
were fractionated, we began to identify relationships between 
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FIG. 3. Microscopic depictions (A and B) and quantification (C) of MHV-induced syncytia after cholesterol enrichment or depletion. (A and 
B) HeLa-CEACAM cells were incubated in SFM containing the indicated concentrations of MBCD (CD) or cholesterol (CHOL) for 30 min at 
37°C, rinsed with PBS, incubated for 3 h with MHV strain A59 (MOI, ~10), and then photographed using phase-contrast (A) or fluorescence 
(B) microscopy. In panel B, cells were labeled with the fluorescent cytosolic dye CMFDA. Bars, 200 jm. (C) The indicated doses of CD and 
cholesterol (chol) were incubated with HeLa-CEACAM cells that had been prepared for cell fusion-dependent reporter gene activation, as 
described in Materials and Methods. Cells were rinsed with PBS, A59 virions were applied (MOI, ~10), and reporter gene product B-galactosidase 
enzyme activities in lysates were quantified by measuring CPRG substrate turnover at an optical density of 590 nm (OD 590). 


the abundance of DRM-associated CEACAMs and cellular 
susceptibility to MHV infection (Fig. 5C). However, in these 
HeLa-CEACAM cell cultures, cholesterol only modestly in- 
creased susceptibility to MHV infection. The results of Fig. 5C 
represent an extreme case in which the supplementations af- 
fected a threefold increase in plaque number. 

Relocalizing CEACAMs into DRMs does not increase sus- 
ceptibility to MHV infection. Results depicted in Fig. 5 sug- 
gested that the CEACAMs in cholesterol-rich DRMs might 
serve as preferred sites for MHV entry. If this were true, then 
cells with clustered, DRM-associated CEACAMs might ex- 
hibit hypersensitivity to MHV infection. We sought to create 
this type of CEACAM localization by replacing the CEACAM 
transmembrane and cytoplasmic tail (TM/CYTO) region with 
sequences specifying posttranslational addition of GPI. The 
GPI moiety has a well-known predilection for cholesterol-rich 
DRMs (10), and this strategy to relocalize viral receptors on 
plasma membranes has been used to determine whether hu- 
man immunodeficiency viruses might enter through DRMs 
(20). In addition, several human CEACAMSs are in fact GPI 
anchored (74), making it likely that GPI-anchored murine 
CEACAM1a would support MHV entry and have potential 
relevance to understanding entry of human coronaviruses in 
cells (55). 

To generate CEACAMGp, cDNA encoding the CEACAM1a 
ectodomain was fused to the portion of human CEA cDNA 
encoding those residues specifying the addition of GPI (Fig. 
6A). Plasmid DNAs encoding either TM- or GPI-anchored 
forms were treated with Lipofectamine, overlaid on HeLa 
cells, and drug-resistant clones were isolated. To assess cDNA 


expression, several clones were incubated with anti-CEACAM 
antibodies and subjected to flow cytometry. TM and GPI 
clones with equivalent CEACAM levels were selected for sub- 
sequent comparative analyses (Fig. 6B). In an effort to more 
closely represent physiologic conditions, we chose to focus 
on cell lines whose CEACAM levels were substantially lower 
(~10-fold lower [fluorescence-activated cell sorting data not 
shown]) than the HeLa-CEACAM line used in our previous 
experiments (Fig. 2 to 5). Using these selected clones, we then 
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FIG. 4. Distribution of CEACAMs after cell fractionation in 1% 
TX-100-containing sucrose gradients. HeLa-CEACAM cells were 
chilled to 4°C and dissolved in 1% TX-100. Postnuclear supernatants 
were adjusted to 40% sucrose and layered underneath 30 and 5% 
sucrose. Samples were spun to equilibrium, and CEACAMs in gra- 
dient fractions were detected by Western immunoblotting using 
CEACAM antiserum. The positions of the molecular mass markers (in 
kilodaltons) are indicated to the right of the blot. The distributions of 
ganglioside GM1 and transferrin receptor were identified using chol- 
era toxin-peroxidase and antitransferrin antibodies, respectively. TfR, 
transferrin receptor. 
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FIG. 5. Distribution of CEACAMs in 0.2% TX-100-containing sucrose gradients after cholesterol enrichment or depletion. (A) CEACAM 
distributions were determined as described in the legend to Fig. 4, except that prior to addition of detergent, cell monolayers were cultured for 
30 min with either 100 wg of cholesterol (CHOL) per ml or 10 mM CD, as indicated. The positions of molecular mass markers (in kilodaltons) 
are indicated to the right of the blot. TfR, transferrin receptor. (B) To identify cell surface CEACAMS in flotation gradients, S-labeled S1 was 
bound to cells prior to detergent extraction and processing as described above. In parallel, cells labeled overnight with [*H]cholesterol were chilled 
and processed as described above to determine the distribution of cholesterol in gradient fractions. *°S-labeled S1-specific and [*H]cholesterol 
radioactivity was determined by scintillation counting (counts shown as 10° cpm or 10° disintegrations per minute [DPM]). (C) HeLa CEACAM 
cells were cultured for 30 min in SFM alone or in SFM supplemented with 100 wg of cholesterol (CHOL) per ml or 10 mM CD, rinsed, and then 
infected with MHV-JHM. Plaques were stained with crystal violet 3 days postinfection. 


added *°S-labeled MHV, as described previously (Fig. 2), to bated with PI-PLC prior to the addition of *°S-labeled MHV. 
measure virus-binding capacities. HeLa cell clones with equiv- PI-PLC treatments specifically reduced MHV binding to HeLa- 
alent CEACAM surface levels, as determined by flow cytom- CEACAMG6p;, cells (Fig. 6C). This finding was in accordance 
etry, bound equivalent amounts of *°S-labeled MHV particles with PLC-mediated release of CEACAMS specifically from the 
(Fig. 6C, hatched bars), indicating that the membrane-tether- HeLa-CEACAM Gp, cells, as evidenced by the presence of 
ing structure (TM protein or GPI lipid) had no measurable soluble receptor ectodomains in media (Fig. 6C). 

effect on the abilities of CEACAMSs to bind viruses. Next, to Using these characterized HeLa cell clones, cell surface pro- 
confirm the existence of the GPI anchor, clones were incu- teins were biotinylated, 1% TX-100 extracts were prepared, 
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FIG. 6. Construction and characterization of HeLa-CEACAMGgp, cells. (A) Linear depiction of CEACAM,,, and CEACAM Gp. The predicted 
TM span sequence is underlined, as is the signal peptide containing the omega sequences conferring en bloc attachment of GPI lipid. The 
carboxy-terminal sequences of the constructs were determined as indicated. (B) Surface fluorescence intensities of HeLa-CEACAM,,, (TM) and 
HeLa-CEACAMgp, (GPI) cells. Flow cytometry profiles of cell surface CEACAMs were determined by indirect immunofluorescence using 
CEACAM antiserum. (C) Quantification of *°S-labeled MHV binding to HeLa cells lacking CEACAMs and to HeLa cells bearing TM- and 
GPI-anchored CEACAMs. Binding assays were additionally performed after the cells were treated with PI-PLC. The blots at the bottom of panel 
C depict CEACAMs in media after the cells were incubated with PI-PLC (+). The position of the 110-kilodalton molecular mass marker is 
indicated to the right of the GPI blot. 
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FIG. 7. Distribution of cell surface CEACAMGp, in 1% TX-100- 
containing sucrose gradients. Cell surface proteins were biotinylated, 
and cells were then treated with cold 1% TX-100. Extracts were frac- 
tionated in sucrose gradients, biotinylated proteins were captured from 
gradient fractions with streptavidin-agarose, and TM- and GPI-an- 
chored CEACAMS were visualized by immunoblotting after SDS-poly- 
acrylamide gel electrophoresis. The position of the 110-kilodalton mo- 
lecular mass marker is indicated to the right of the blot. 


and the distribution of plasma membrane- and DRM-associ- 
ated CEACAMs was determined by immunoblotting of su- 
crose gradient fractions (Fig. 7). As predicted, CEACAM gp; 
was largely detergent insoluble (~70% in low-density fractions 
3 to 9), while CEACAM,,, was entirely soluble (100% in 
fractions 10 and 11). This pattern of CEACAM.,, distribution 
was similar to that observed in previous studies in which other 
proteins were appended to GPI and monitored for their TX- 
100 insolubilities (5, 17). Using the method of *°S-labeled S1 
complexing prior to DRM preparation (Fig. 5B), we confirmed 
that these Western immunoblot profiles reflected the distribu- 
tion of CEACAMs capable of virus binding (data not shown). 
In a critical test of our hypothesis, cell lines were then inocu- 
lated with MHV. Somewhat surprisingly, both the TM- and 
GPI-anchored lines were nearly equivalent in their support of 
plaque development (Fig. 8A), but plaques expanded to larger 
sizes on the HeLa-CEACAM,,,, monolayers. Consistent with 
this expanded cell-to-cell spread, we found that the activities of 
CEACAM yy, cells were greater than those of CEACAMGpy 
cells in cell-cell fusion assays (Fig. 8B). Thus, it appeared that, 
relative to TM anchors, GPI tethers moderately reduced the 
effectiveness of receptor-triggered cell-cell fusion but had little 
if any effect on virion binding, uptake, and productive infec- 
tion. These findings, unlike those reported for HIV (20), ar- 
gued against the hypothesis that cholesterol augments virus 
infection by clustering cellular receptors into DRMs. 

To further distinguish the requirements for cholesterol dur- 
ing infection of the different HeLa cell lines, we reduced or 
elevated cholesterol levels prior to MHV inoculation and then 
monitored plaque development. Our results consistently re- 
vealed that, relative to the standard HeLa-CEACAM,,, lines, 
the changing cholesterol levels profoundly altered the suscep- 
tibilities of the CEACAMGp, lines (Fig. 8C). This was most 
pronounced during infections with strain JHM, the most cho- 
lesterol-sensitive strain (Fig. 1). Here, CD treatments rendered 
the CEACAMGp, cells profoundly resistant to infection (near- 
ly 500-fold [Fig. 8C]), whereas infections of CEACAM,,, cells 
were reduced only ~10-fold after the same treatment. Notably, 
these different cholesterol conditions did not affect virus-cell 
recognition, as determined by binding of metabolically radio- 
labeled virions to cells treated with cholesterol or CD (data not 
shown). Thus, infection through GPI-linked receptors is un- 
usually sensitive to the target lipid environment. This observa- 
tion may be relevant to coronavirus infection through recep- 
tors, such as the proposed GPI-linked brain CEA (15). 
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Cholesterol extraction blocks S-mediated membrane fusion 
even in the absence of CEACAM receptors. Our findings sug- 
gested that CEACAMs and cholesterol-containing membranes 
are both required for MHV infection and that colocalization of 
these two factors augments virus entry. However, it remained 
unclear whether cholesterol-containing membranes were re- 
quired in a CEACAM-mediated virus entry process or whether 
the cholesterol-rich target membranes were directly required 
for fusion with MHV virion membranes, independent of any 
activation by CEACAMs. Fortunately, we could determine 
whether cholesterol is directly required for fusion using variant 
MHV S proteins that activate spontaneously. Cell-cell fusion 
mediated by the S proteins from MHV strain JHM can activate 
spontaneously in the absence of CEACAMs (50, 81), presum- 
ably by virtue of their inherent conformational flexibility (42). 
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FIG. 8. Susceptibility of HeLa-CEACAMGp, cells to infection 
and membrane fusion. (A) HeLa-CEACAM,,, (TM) and HeLa- 
CEACAMGp;, (GPI) cells were infected with serial 10-fold dilutions of 
MHV-JHM, and plaques were subsequently visualized. (B) HeLa, 
HeLa-CEACAM,.y (CAM-TM), or HeLa-CEACAM gp, (CAM-GPI) 
target cells were cocultivated with S-bearing effector cells. At 30-min 
intervals, the cells in the cocultures were lysed, and cell fusion-acti- 
vated B-galactosidase enzyme activity in the lysate was quantified by 
measuring CPRG substrate turnover at an optical density of 590 nm 
(OD 590). (C) Cells bearing either TM- or GPI-anchored receptors 
were cultivated in CD (5 or 10 mM) or cholesterol (CHOL) (10 or 100 
ug/ml) for 30 min at 37°C. Monolayers were subsequently rinsed, and 
infectivity was determined by plaque assay. The fold difference in 
PFU/ml was calculated relative to cells cultured in SFM alone. 
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FIG. 9. CEACAM-independent fusion after cholesterol extraction. (A) Photos of R18-labeled target cells 3 h after the cells were cocultivated 
with unlabeled S-bearing (JHM) effector cells. In the rightmost panel, a parallel culture was treated with 5 mM MBCD for 30 min at 37°C and 
rinsed prior to cocultivation. Bar, 50 jzm. (B) Bar graph showing [*H]cholesterol (CHOL) levels in cells (hatched bars) and media (black bars) after 
exposure to the indicated millimolar concentrations of MBCD (30 min at 37°C). Cells were previously labeled for 18 h with [*H]cholesterol. After 
CD treatments, media were removed, cells were lysed, and *H levels (in disintegrations per minute [DPM]) were determined by scintillation 
counting. (C) HeLa target cells were treated with Lipofectamine with pTM3-eGFP and then treated with MBCD as described for panel B. Target 
cells were then overlaid with effector cells presenting Syy;)4. In this assay, eGFP gene expression is dependent on effector cell-target cell fusion. 
Micrographs were taken 3 h after cocultivation of effector and target cells. Bar, 100 pm. 


cDNAs encoding Sj;), were expressed in a variety of nonmu- 
rine cell lines, and syncytia developed to highly variable ex- 
tents. However, in all cell lines tested, foci were more pro- 
nounced in parallel cultures that had been pretreated with 
cholesterol. Conversely, syncytia never formed in cultures ex- 
posed to MBCD. These findings were documented by visual- 
izing fusion-dependent reporter gene (eGFP) expression (Fig. 
9). In these assays, cholesterol was extracted from target cells 
with graded doses of MBCD, and the cells were then coculti- 
vated with effector cells expressing the Sy; proteins. The 
extent of cholesterol extraction achieved by the MBCD treat- 
ments was measured in parallel cultures labeled with [7H]cho- 
lesterol. Our results indicated that S-mediated membrane fu- 
sion was arrested once about 50% of cellular cholesterol was 
removed from target cells. This block to fusion was achieved 
entirely by cholesterol extraction of target cell membranes that 
were devoid of murine CEACAMs, strongly suggesting that 
cholesterol itself is a fusion cofactor residing in target cell 
membranes. 


DISCUSSION 


The in vitro dissemination and in vivo pathogenesis of MHV 
infections are affected by changing cholesterol concentrations 
(9). This study was undertaken to explain the underlying mech- 
anisms of this lipid requirement. We quickly determined that 
the MHV-cell membrane fusion process was specifically inhib- 
ited or augmented by cholesterol depletion or supplementa- 
tion, respectively, placing this coronavirus into a relatively 


large group of otherwise unrelated viruses whose members 
include Sindbis virus (46), HIV (31, 49, 62), Ebola virus (6, 23), 
and more recently herpes simplex virus (7). The cholesterol 
requirement during virus entry raises the question of whether 
lipid rafts comprise entry sites, as typical rafts are relatively 
thick, liquid, ordered bilayers heavily enriched in sphingolipid 
and cholesterol (12). Therefore, we focused on the MHV re- 
ceptor CEACAM and its distribution on the plasma mem- 
branes of MHV-susceptible cells, anticipating a predominant 
colocalization with cholesterol-rich rafts. After all, receptors 
for several cholesterol-dependent viruses appear to reside 
largely in rafts (5, 41, 62). However, by biochemical subcellular 
fractionation, we found no compelling evidence for raft-asso- 
ciated CEACAMs. Furthermore, when CEACAMS were engi- 
neered with GPI anchors so that they did cluster into rafts, we 
found no significant change in the susceptibility to infection by 
virions. Therefore, in our experimental systems, it appears that 
MHV can enter through traditional detergent-resistant lipid 
raft microdomains and through nonraft membranes as well. 
We suggest that specific subcellular receptor localizations pro- 
vide little advantage to MHV entry, because the natural levels 
of cholesterol in membranes surrounding both raft and nonraft 
CEACAMS are sufficient to complete the virus-cell membrane 
fusion process. 

Fate of CEACAM-associated MHVs. When the levels of 
cholesterol in plasma membrane were reduced in these studies 
by extraction with MBCD, infections were blocked, and MHV- 
JHM, a strain exhibiting rapid virus-cell fusion kinetics (42), 
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was distinctly disadvantaged. In our experiments, virions bound 
effectively to the CEACAMs on cholesterol-depleted cells, and 
we allowed these CEACAM-bound particles to remain as en- 
dogenous cholesterol synthesis returned cell membranes to 
homeostasis, a process requiring about 2 h in BHK cell cultures 
(34). Despite the cholesterol repletion, infection did not occur, 
suggesting that CEACAM-associated MHV particles had ad- 
vanced to an irreversibly inactivated state(s) when juxtaposed 
near cholesterol-depleted target cell membranes. However, 
this irreversible inactivation was strain specific and most clearly 
pronounced when the JHM strains were tested (Fig. LC). We 
initially assumed that the infection failures that were so prom- 
inent with strain JHM resulted from virus “elution,” a previ- 
ously documented temperature-dependent process whereby 
particles release from CEACAMs, leaving their noncovalently 
associated, peripheral S1 fragments behind (26). JHM viruses 
shed into media would be S1 depleted and incompetent for 
subsequent entry attempts, thus accounting for reduced infec- 
tivity (Fig. 1C). However, this hypothesis could not explain the 
equivalent inactivation of strain JHM-X, which has stable link- 
ages with S1, even when associated with CEACAM receptors 
at 37°C, and thus does not “elute” (26). Therefore, a more 
plausible view is that without cholesterol in target membranes, 
CEACAM- associated virions undergo conformational changes 
that do not bring about membrane fusion but rather generate 
a permanently inactive virus structure that eventually dena- 
tures or degrades within the host cell or on its surface. Hyper- 
sensitivity of JHM strains to cholesterol limitation would thus 
be explained by their rapid rates of inactivation following 
CEACAM engagement. The MHV AS9 strain, being less re- 
sponsive to CEACAM binding, presumably can remain infec- 
tious long enough to localize near a target membrane whose 
lipid composition permits fusion. This conceptual framework 
suggests that different target cell lipid compositions place se- 
lection pressure on coronaviruses, creating strains that vary in 
their threshold and kinetics of CEACAM-induced fusion acti- 
vation. The JHM strain, selected for growth in the cholesterol- 
rich central nervous system (85), does exhibit unrestricted 
S-mediated fusion activity (81). This viewpoint may also shed 
light on the results of previous studies demonstrating that 
certain CEACAM-positive tissue cultures can exhibit resis- 
tance to the JHM, but not the A59 strain of MHV (87, 88). 
Such cultures may have cholesterol contents below those re- 
quired for efficient entry of the JHM strain. 

Potential importance of lipid rafts during MHV entry. Our 
finding that little if any CEACAM copurified with TX-100 
DRMs (Fig. 4) must be interpreted with the understanding 
that lipid rafts are dynamic structures and that CEACAMs may 
have considerable lateral mobilities in plasma membranes. 
Thus, it is possible that viruses bound to CEACAMs outside 
lipid raft microdomains might drift into the cholesterol-rich 
raft regions suitable for productive membrane fusion or by 
contrast undergo unproductive and irreversible conforma- 
tional changes. The cholesterol supplementations that increase 
susceptibility to infection (Fig. 1) would thus be explained by 
the relocalization of CEACAMs into lipid rafts (Fig. 5). In the 
absence of cholesterol supplementation, the majority of virus 
entry events would be abortive, given the preponderance of 
CEACAMs outside rafts and the relatively short time that 
infectivity remains after CEACAM binding. Perhaps this is the 
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case, as the particle-to-PFU ratios for MHV preparations are 
generally considered to be extraordinarily high, particularly for 
the JHM strain. 

However, retargeting CEACAMSs to rafts through GPI an- 
choring did not enhance viral infectivity or membrane fusion, 
in striking contrast to analogous studies in which the raft re- 
localization of CD4 augmented infection by cholesterol-depen- 
dent HIV (20). Our measurements of CEACAM-induced 
MHV fusion revealed that the GPI-anchored CEACAMs were 
actually inferior activators (Fig. 8B). One explanation for this 
diminished fusion is that TM spans influence CEACAM 
ectodomain structures, and hence the activating function, of 
the binding interaction between CEACAM and S proteins. We 
do not favor this possibility, as the binding of MHV particles to 
either GPI- or TM-anchored CEACAMS were indistinguish- 
able (Fig. 6C). Furthermore, entirely soluble forms of the 
CEACAMSs can function to activate S-mediated fusion (81), 
indicating that membrane anchors are not required in this 
process. Biophysical considerations lead us to the alternative 
suggestion that membrane fusion might be suppressed in the 
raft environment, because there are few fusion-promoting glyc- 
erophospholipids in these regions (77). This hypothesis can be 
addressed with MHV-liposome fusion assays in which target 
lipid compositions can be readily adjusted. Such assays are 
planned, but at present our findings with HeLa cells suggest 
that MHV entry can at least occur in both raft and nonraft 
environments, making it likely that a narrowly defined target 
membrane composition is not absolutely required. Indeed, 
CEACAMS exist in a variety of tissue-specific isoforms (74), 
likely partitioning variably in vivo into raft-like microdomains, 
and thus in considering lipid requirements, a relatively lenient 
membrane fusion activity might be necessary for expansive 
polytropic coronavirus infections. Our finding that cells with 
GPI-anchored CEACAMs are more responsive to fluctuations 
in cellular cholesterol content during MHV infection than TM- 
anchored CEACAMSs (Fig. 8C) suggests that the local lipid 
environment surrounding CEACAMSs can influence infection. 

Potential roles for cholesterol during S-mediated fusion. It 
has been shown that soluble CEACAM receptors can mimic 
authentic membrane-anchored forms, bind virion S proteins, 
and induce conformational changes that lead to S-mediated 
membrane fusion (50). While the nature of these conforma- 
tional changes is not yet clear, it is known that soluble 
CEACAM forms bind S1 fragments (43), resulting in changes 
in the stability of S1-S2 association (42) and alternative S1 
oxidation states (45). We assume that additional, perhaps more 
crucial structural changes must occur in S proteins prior to 
membrane fusion. To link the virion and cell, a hydrophobic 
fusion peptide in the integral-membrane S2 chain (47) must 
intercalate into target membranes. Here there may be a re- 
quirement for cholesterol in the target membrane, similar to 
that observed for the Semliki Forest virus and Sindbis virus 
alphaviruses (2, 84). Also, this single polypeptide must change 
its structure in a way that brings virion and cell membranes into 
close proximity (76). This latter event may have parallels with 
those of retroviruses and myxoviruses, as there are predicted 
alpha helical regions, so-called heptad repeats, in membrane- 
proximal $2 that may collapse into coiled-core cores concom- 
itant with membrane coalescence (8, 75). Cholesterol require- 
ments can also be hypothesized at this stage, as newly formed 
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pores between bilayers are stabilized by membrane cholesterol 
(66). In these views, cholesterol would act as a direct entry 
cofactor and not as an agent that clusters CEACAMs into 
raft-like microdomains. A direct role for cholesterol was dem- 
onstrated during CEACAM-independent membrane fusion 
(Fig. 9). Furthermore, essential cholesterol molecules exist 
near CEACAM receptors, but they need not be present in 
proportion with the sphingolipids required to create what is 
operationally defined as lipid rafts, namely, TX-100-insoluble 
membrane bilayers (11). These concepts mirror the results of 
recent in vitro studies of Semliki forest virus, where its fusion 
with liposomes did indeed require cholesterol and sphingolip- 
ids, but not in the proportions that produced liposome-associ- 
ated lipid rafts (84). Our findings suggest that lipids such as 
cholesterol act independently or in cooperation with 
CEACAMS to promote coronavirus cell entry. 
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